I. INTRODUCTION
T HIS LETTER is focused on the development of new microwave filter structures for high selectivity applications. This type of design is of key importance for the radio frequency engineer, since they are currently used in communication applications to reject spurious signals, and to separate different channels in a multichannel communication system [1] . This need of rejecting certain unwanted frequencies led in the past to the development of filters whose insertion loss response exhibits transmission zeros at finite frequencies [2] .
The method traditionally used for the implementation of transmission zeros is the introduction of cross couplings between nonadjacent resonators [3] . Recently, an alternative technique for the implementation of transmission zeros was proposed in [4] . Similar principles of operation are behind the implementation of transmission zeros in waveguide filters using inductive steps [5] . In this technique, the signal is coupled to several resonators, providing more than one main path for the signal between the input and output ports. When the phase difference for the signal in the two paths equals 180 , a cancellation of energy is produced, thus resulting in the sought for transmission zero. An important advantage of this method, is that transmission zeros can be easily shifted from one side of the passband to the other side.
Following the basic principles of operation described in [4] , two practical implementations of filters in microstrip technology are presented. The first structure is composed of two open-loop resonators coupled to the input and output lines. These two resonators operate at an even and odd resonances respectively, producing the change in phase required to implement a transmission zero. In this context, we propose also an alternative configuration. This second structure is more compact, since the larger openloop resonator is substituted by a ( ) short-circuited transmission line. Also, the new structure has shown to be able to handle larger bandwidths than the first design. This is due to the possibility of implementing larger coupling coefficients between the input and output lines to the new short-circuited transmission line. For this purpose, a novel cross-shaped coupling structure is proposed.
II. STRUCTURE DESCRIPTION
The principle of operation of the novel planar structures, which are proposed in this letter, is to provide more than one main path to the signal from the input to the output ports. A first design is shown in Fig. 1 . This idea was also proposed in [4] in the context of novel coupling schemes to achieve elliptic transfer functions, but no practical implementations were reported.
It consists on the input and output lines which are coupled, in a shunted configuration, to two open-loop resonators of different lengths. One resonator is designed to work at a suitable odd resonance, while the other is designed to operate at the next even resonance. The interactions of the signal in both paths produce the required cancellation of energy at a given frequency. The two main geometrical parameters in this structure are the lengths of the resonators, whose approximated values to get the most compact design are and , respectively, at the center frequency of the passband. By fine adjusting these two lengths, the cancellation of energy, and therefore the transmission zero, occurs in the proximity of the center frequency, leading to a sharp transition between the transmission and the cut-off bands.
The second configuration proposed consists on input and output lines coupled to both, an open-loop resonator in a shunted configuration, and to a short-circuited transmission line (see Fig. 2 ). The length of the open-loop resonator is approximately , while the length of the short-circuited line is set to . The loop resonator inverts the phase of the signal, so that a cancellation of energy is produced at the output line.
For the practical implementation of this structure, the shortcircuited transmission line is modified to a novel cross-shaped configuration, as it can be seen in Fig. 3 . This new structure is more compact, and has shown to be able to increase the input and output couplings, therefore being able to handle larger bandwidths than the previous design.
An advantage of the proposed configurations is that transmission zeros can be easily placed using the zero shifting property [4] . This allows an easy design of asymmetric responses with improved selectivity below (response of type I in Fig. 4 , with mm and mm), or above (response of type II in Fig. 4 , with mm and mm) the passband, by just slightly varying the ratio between the lengths of both resonators.
Bandwidth can be controlled in the usual way by acting on the input and output couplings. A smaller gap results in a stronger coupling, so wider bandwidth is achieved, as can be seen in Fig. 5 . In these type of filters, the position of the transmission zero strongly affects the interresonator coupling between both resonators. Independent control of this interresonator coupling can be achieved by adjusting asymmetrically the and gaps of Fig. 3 .
Another advantage of this kind of structures, is that several units of the previously described type can be easily cascaded to produce higher order responses. The inline configuration created with this approach, leads to a structure in which the different sections have little influence on the others [4] . As a consequence, each basic section can be optimized separately, and then connected to the final structure with little tuning or readjustment of the individual units.
III. RESULTS
For the simulation and optimization of the proposed structures, a full wave electromagnetic analysis tool, namely the HP-ADS software, was employed. A first prototype, using the concept depicted in Fig. 1 , was manufactured in microstrip technology. The material for manufacturing is a Duroid RT/6006 substrate ( and thickness mm). This filter implements a tranmission zero below the bandpass, and has the layout shown on the left of Fig. 6 . Chamfered corners are used in both resonators to minimize radiation (0.13 dB radiation losses within the passband are obtained). A second filter with a transmission zero above the passband was manufactured using the same substrate. In this case the filter was designed according to the configuration shown in Fig. 3 . The final manufactured hardware can be seen on the right of Fig. 6 . The short-circuit has been implemented with a via hole of diameter mm. In Figs. 7 and 8 the results are compared for the scattering parameters of the filter. In these figures the simulated data include losses in both, the dielectric substrate and in the metallic areas of the structure (finite conductivity). Very good agreement between measured and predicted results can be seen. The second transmission zero away from the passband is thought to be due to a parasitic coupling between the source and the load.
It is worth mentioning that the size of the second structure is reduced by a 50% with respect to the first one. In addition, the attainable bandwidth varies from 1% to 3% for the two-open-loop resonator structure (Fig. 1) , while for the third configuration (Fig. 3) the range of variation is from 4% to 9%.
The external quality factor ( ) obtained for the three types of resonators described in the letter is shown in Table I . The ( ) stub resonator shows higher ( ) than the others, indi- cating poor capability to synthesize wide bandwidth responses. On the other hand, the cross-shaped stub has lower (
) than the open-loop resonator, making it suitable for wide bandwidth applications.
IV. CONCLUSION
In this letter, we have presented novel microstrip filter structures exhibiting high selectivity. The transmission zero is implemented by providing different main paths to the signal from input to output ports, so that destructive interference can take place. Two filter prototypes have been designed, manufactured and tested, and their main properties and advantages have been carefully discussed. Measured results confirm the validity and usefulness of the proposed structures.
